Introduction {#S1}
============

Prostate cancer (PCa), the most common male malignancy, is frequently associated with bone metastases^([@R1])^. The metastatic process begins in the primary tumor with activation of genes that promote angiogenesis, tumor invasion and migration leading to colonization of peripheral tissues including bone^([@R2])^. A major challenge for PCa treatment is to identify factors controlling tumor growth and metastasis.

Runx2, a transcription factor required for bone development, is abnormally elevated in PCa.^([@R3],\ [@R4])^ The presence of Runx2 in PCa is positively correlated with increased Gleason score and metastasis.^([@R5]--[@R7])^ Furthermore, Runx2 stimulates growth, migration and osteolytic activity of prostate and breast tumors.^([@R6],\ [@R8],\ [@R9])^ Runx2 also directly induces genes associated with angiogenesis, invasiveness and metastasis including *Vegf*, *Spp1*, *Mmp9* and *Mmp13* and stimulates epithelial to mesenchymal transition of primary tumors.^([@R5],\ [@R8],\ [@R10])^ Lastly, transgenic overexpression of Runx2 predisposes mice to T cell lymphomas, suggesting an oncogene function.^([@R11],\ [@R12])^ Other runt domain transcription factors are also associated with cancers; Runx1 chromosomal translocations/mutations are commonly found in myeloid leukemias while Runx3 may function as a tumor suppressor in gastric cancers (for reviews, see^([@R12],\ [@R13])^).

MAP kinase (MAPK), PI3K/AKT and non-receptor tyrosine kinase signaling pathways are also elevated in PCa. Increased MAPK signaling due to RAS-RAF mutations is seen in 43 percent of primary tumors and 63 percent of metastases.^([@R14],\ [@R15])^ Furthermore, RAS/MAPK activation positively correlates with disease progression.^([@R16])^ Significantly, transgenic overexpression of RAS stimulates EMT and PCa formation in genetic models of PCa.^([@R17])^ Similarly, targeted expression of mutant BRAF in prostate epithelium induces invasive carcinomas in mice.^([@R18])^ PI3K/AKT and non-receptor kinases have also been related to PCa initiation and progression.^([@R19],\ [@R20])^ However, there is currently no clear explanation for why kinase activation in PCa is associated with an invasive phenotype.

Based on previous work in bone, we propose that Runx2 and the RAS/MAPK pathway cooperatively interact in PCa to regulate metastasis-related gene expression. During osteoblast differentiation, ERK1/2 and p38 MAPKs phosphorylate Runx2 on several serine and threonine residues.^([@R21]--[@R24])^ Of these, Ser 301 and Ser 319 (murine type I Runx2 sequence) are particularly important for Runx2-dependent transcriptional activity.^([@R21])^ ERK phosphorylates Runx2 directly on the chromatin of target genes.^([@R21],\ [@R25],\ [@R26])^ Phosphorylated Runx2 then stimulates epigenetic changes including histone acetylation and transcription leading to induction of gene expression.^([@R25],\ [@R27])^

In the present study, we show that Runx2 is phosphorylated in PCa cells and that the same phosphorylation sites previously demonstrated to be important for osteoblast gene expression are also required for Runx2-dependent stimulation of metastasis-associated gene expression, *in vitro* cell migration, invasion and *in vivo* tumor growth. Furthermore, the presence of P-Runx2 as measured with a P-S319-Runx2-specific antibody is correlated with PCa onset and severity in a patient population.

Results {#S2}
=======

Runx2 is preferentially phosphorylated in metastatic PCa cell lines {#S3}
-------------------------------------------------------------------

Runx2 expression was previously compared between different human prostate cancer cell lines.^([@R6],\ [@R7])^ PC3 cells have high metastatic potential while LNCaP cells have little or no activity. C4-2B cells are a metastatic subclone derived from LNCaP cells.^([@R28],\ [@R29])^ These cell lines were compared to determine if there is a correlation between MAPK activity, Runx2 phosphorylation and metastatic potential ([Figure 1](#F1){ref-type="fig"}). Phosphorylated Runx2 was detected using an anti-S319-phospho-Runx2 specific antibody.^([@R26])^ Although MAPK phosphorylates Runx2 at additional sites including S301, phosphorylation at S319 is closely correlated with Runx2 transcriptional activity in osteoblasts and is likely to reflect phosphorylation at other MAPK sites for which immune reagents are not currently available.^([@R21],\ [@R24],\ [@R26])^ Runx2 mRNA and protein were highest in PC3 cells followed by C4-2B and LNCaP ([Fig 1AB](#F1){ref-type="fig"}). Panels C and D compare the S319-phospho-Runx2/total Runx2 ratio with the level of MAPK activation (P-ERK/total ERK) in each cell line. For P-Runx2 analysis, protein loading was adjusted to give the same amount of total Runx2 in each lane. C4-2B and PC3 cells had high MAPK activity and Runx2 phosphorylation. S319-phospho-Runx2/total Runx2 and P-ERK/total ERK ratios in the metastatic cells were more than twice the ratios seen in LNCaP cells.

Differences between cell lines were also noted when total and S319-P-Runx2 staining was examined by confocal microscopy ([Figure 2](#F2){ref-type="fig"}, [Suppl. Figure S1](#SD2){ref-type="supplementary-material"}). Most cells were positively stained with total Runx2 antibody ([Suppl. Fig S1](#SD2){ref-type="supplementary-material"}). However, clear differences in cellular distribution were noted; Runx2 was mainly nuclear in PC3 and C4-2B cells while a diffuse cytoplasmic and nuclear distribution was observed in LNCaP cultures ([Fig. 2](#F2){ref-type="fig"}). These differences could not be explained by non-specific staining of LNCaP cells with the total Runx2 antibody ([Suppl. Fig. S2](#SD2){ref-type="supplementary-material"}). In contrast, S319-P-Runx2 staining was exclusively nuclear in all 3 lines with strongest staining observed in PC3 followed by C4-2B and LNCaP cells. The percentage of Runx2-positive cells also staining for P-Runx2 (yellow/orange staining in merged images, [Suppl Fig. S1](#SD2){ref-type="supplementary-material"}) was as follows: PC3, 72.5 ± 0.8; C4-2B, 39.5 ± 0.2; LNCaP, 16.5 ± 0.5.

These results indicate that nuclear P-S319-Runx2 staining is increased in more metastatic PCa cell lines.

Requirement for Runx2 S301, S319 phosphorylation in metastasis-related gene expression {#S4}
--------------------------------------------------------------------------------------

As previously shown, MAPK activation of Runx2 transcriptional activity requires phosphorylation at Ser 301 and Ser 319.^([@R21])^ Two approaches were used to determine if these same two phosphorylation sites are also required for induction of metastasis-associated gene expression in prostate cells ([Fig. 3](#F3){ref-type="fig"}). First, PC3 cells were transfected with a pOPN-luc reporter plasmid containing the proximal promoter of *Spp1*, a gene previously associated with metastatic activity^([@R30])^, and Runx2 phosphorylation and transcriptional activity were examined with or without MAPK activation ([Fig 3A, B](#F3){ref-type="fig"}). *Spp1* contains a previously characterized, functional Runx2 binding site between -136 to -130 bp of the proximal promoter.^([@R31])^ Wild type Runx2 strongly stimulated promoter activity and this response was further increased with Meksp, a constitutively-active MEK1 mutant.^([@R32])^ Meksp also increased Runx2 phosphorylation as measured with anti-S319-P-Runx2 antibody ([Fig 3B](#F3){ref-type="fig"}). In contast, dominant-negative MEK1 strongly inhibited Runx2 phosphorylation and activity. To assess whether increased Runx2 phosphorylation was necessary for MAPK-dependent transcriptional activity, cells were transfected with Runx2 containing S301A, S319A mutations (Runx2 SA). Although basal stimulation with Runx2 SA was similar to wild type, mutant Runx2 was resistant to activation by Meksp, as would be expected if the two phosphorylation sites were necessary for MAPK activation. These results cannot be explained by differences in levels of wild type versus Runx2 SA. Also immunoreactivity of the anti-Runx2 antibody was not affected by Runx2 phosphorylation since similar band intensities were obtained with or without Meksp or phosphorylation site mutation ([Fig. 3B](#F3){ref-type="fig"}).

In a second approach, we examined the effect of phosphorylation site mutation on the ability of Runx2 to stimulate endogenous expression of three metastasis-associated genes; *Vegf*, *Mmp9* and *Spp-1.*^([@R6],\ [@R33])^ PC3 cells were transduced with adenovirus expressing LacZ (control), wild type Runx2 or phosphorylation-deficient Runx2 ([Fig. 3C--F](#F3){ref-type="fig"}). To assess whether Runx2 could also stimulate gene expression in non-tumorigenic cells, we examined RWPE1 cells, a non-transformed, immortalized cell line derived from normal human prostate epithelium ([Fig. 3G--J](#F3){ref-type="fig"}).^([@R34])^ Adenovirus vectors were toxic to LNCaP cells, preventing them from being included in this study. In these experiments, Runx2 was activated by endogenous MAPK rather than by added Meksp. Viral titers were adjusted to produce equivalent amounts of wild type or mutant Runx2 protein as measured on Western blots (panels C, G). Note that due to the high level of Runx2 expression, Western blots were exposed for a shorter time than in [Fig. 1](#F1){ref-type="fig"} so endogenous Runx2 in PC3 cells was not visible in the LacZ group, but was detected when blots were deliberately over-exposed ([Supplementary Figure S3](#SD2){ref-type="supplementary-material"}). We were not able to detect Runx2 protein in RWPE1 cells (result not shown). Wild type Runx2 strongly induced *Vegf*, *Mmp9* and *Spp1* mRNAs in both PC3 and RWPE1 cells. In all cases, the S301A, S319A Runx2 mutant had considerably less activity than wild type Runx2.

Role of Runx2 phosphorylation in cell migration and invasion {#S5}
------------------------------------------------------------

Runx2 is required for *in vitro* PCa cell migration and invasion.^([@R5],\ [@R33])^ The following experiments assessed the requirement for Runx2 phosphorylation in these two tumor-related processes using LacZ, Runx2-WT or Runx2-SA transduced PC3 and RWPE1 cells.

Migration assays measured the movement of cells into an initially cell-free area ([Fig. 4](#F4){ref-type="fig"}). Panels A and B show representative images of cells at the beginning of the experiment and after a specific migration period while panels C and D show the percent occupancy of the initially cell-free area over time. Consistent with their metastatic phenotype, PC3 cells migrated faster than the non-transformed RWPE1 cell line. For example, after 6 h, control PC3 cells filled approximately 30 percent of the initially cell-free area versus only a 10 percent fill for RWPE1 cells. However, wild type Runx2 stimulated migration of both cell types with PC3 cells filling 80 percent of the cell-free area after 6 h and nearly the entire area after 8 h and RWPE1 cells filling 18 percent of the cell-free area after 6 h and 38 percent after 12 h. In contrast, equivalent levels of phosphorylation-deficient Runx2 had approximately half the activity of wild type Runx2 in stimulating migration of PC 3 cells and no significant stimulatory activity on RWPE1 cells.

To measure cell invasion, PC3 or RWPE1 cells were plated in the upper well of a Transwell apparatus precoated with Matrigel~TM~. The lower chamber contained 10% fetal bovine serum and SDF-1, a chemoattractant. Migration of cells through the Matrigel~TM~ and Millipore membrane was scored after 24 h ([Fig. 5](#F5){ref-type="fig"}). Representative images are shown in panels A and B while invasion is quantified in panels C and D. Wild type Runx2 increased invasion activity of PC3 cells 5-fold while phosphorylation-deficient Runx2 only increased activity 2-fold. Similarly, wild type Runx2 stimulated activity of RWPE1 cells 2.3-fold while the phosphorylation-deficient mutant was inactive. These results cannot be explained by differences in proliferation since cell numbers in each group were identical over the time frame of these experiments (result not shown).

Role of Runx2 phosphorylation in tumor growth *in vivo* {#S6}
-------------------------------------------------------

In previous studies, Runx2 stimulated *in vivo* tumor formation by PC3 cell xenografts.^([@R9])^ To determine if this response requires Runx2 phosphorylation, PC3 cells stably expressing a firefly luciferase reporter (PC-luc cells) were transduced with LacZ, Runx2-WT or Runx2-SA adenovirus and subcutaneously implanted into immunodeficient mice. Tumor development was monitored over a 16-day period by measuring whole-body luciferase activity. Mice were then sacrificed at day 17 and tumors were weighed and used for RNA analysis or immunohistochemistry. Wild type Runx2 significantly increased tumor growth as measured by *in vivo* luminescence ([Fig 6A, C](#F6){ref-type="fig"}) and tumor size/weight at sacrifice ([Fig. 6D, E](#F6){ref-type="fig"}). The increased growth of Runx2 transduced cells was first detected at day 4 with the most dramatic increase observed between day 9 and day 16 ([Suppl. Fig. S4](#SD2){ref-type="supplementary-material"}). In contrast, tumors formed by the Runx2-SA group were not significantly different from LacZ controls. Similar to cell culture results, tumors from Runx2-WT-treated cells expressed higher levels of VEGF, MMP9 and SPP1 mRNAs relative to LacZ controls while levels were lower with Runx2-SA transduction (Panel F).

To further explore the basis for differences in tumor growth, tumors were stained for human Ki67, a cell proliferation marker, and Caspase 3, a marker of apoptosis. The Ki67 antibody uniformly stained control, Runx2-WT and Runx2-SA tumors, indicating that Runx2 did not significantly affect PC3 cell proliferation ([Suppl. Fig. S5](#SD2){ref-type="supplementary-material"}). In contrast, Caspase 3 staining was reduced by approximately 60 percent in wild type Runx2 tumors. Values for the Runx2-SA group were highly variable and not significantly different from controls ([Suppl. Fig. S6](#SD2){ref-type="supplementary-material"}). These results suggest that Runx2 phosphorylation increases tumor growth by preferentially suppressing apoptosis.

Association of Runx2 phosphorylation with prostate cancer in a patient population {#S7}
---------------------------------------------------------------------------------

A tissue microarray (TMA) of normal and malignant prostate tissue and metastases was prepared from biopsies from 129 patients and examined for the presence of P-S319-Runx2 by immunohistochemistry. Results were correlated with clinical tumor parameters as described in Materials and Methods. [Figure 7](#F7){ref-type="fig"} shows representative immunohistochemistry of normal prostate, benign prostate hyperplasia (BPH), prostate intraepithelial neoplasia (PIN), low and high Gleason score primary prostate cancer and a lymph node metastasis. Little or no staining was seen in normal tissue. Light nuclear staining was observed in a small number of cells in the BPH sample while intense, localized nuclear staining was seen in PIN, particularly in basal cells of crypts and luminal cells. Nuclear staining was more dispersed in advanced cancer and further elevated in high Gleason score tumors and lymph node metastases. [Table 1](#T1){ref-type="table"} provides quantitation of P-Runx2 staining for all 129 biopsies, expressed as the percentage of cells showing positive staining in each sample. Overall, high P-Runx2 staining was strongly correlated with primary prostate cancer (PPC) when compared with BPH or prostatitis (p \< 0.001), with very low staining observed in the latter two conditions. Within the PPC cohort, significant correlations were also noted between percent P-Runx2 staining and high Gleason score (p = 0.047), primary prostate cancers with lymph node metastases at the time of initial clinical staging (p = 0.033) and primary prostate cancer with prostatic intraepithelial neoplasia (PIN, p = 0.041). Although strong P-Runx2 staining was observed in lymph node metastases, levels were not significantly different from than those observed in the primary tumors. Based on these results, we conclude that Runx2 S319 phosphorylation is a common event in PCa that can be used to distinguish between BPH, prostatitis and neoplastic disease and is also correlated with disease severity and metastases.

Discussion {#S8}
==========

Here we establish the importance of Runx2 S301, S319 phosphorylation sites in PCa gene expression, migration, invasion and *in vivo* tumor growth and identify P-S319-Runx2 as a marker for more aggressive metastatic disease in a patient population. Based on these findings, we propose that the elevated MAPK activity in PCa cells phosphorylates Runx2 and stimulates transcription of genes necessary for increased tumor growth and metastasis. These studies provide a potential link between previously reported increases in MAPK signaling and Runx2 in PCa as well as a plausible mechanism to explain how Runx2 and MAPK cooperatively interact to regulate the expression of metastasis-related genes.

Effects of MAPK on Runx2 transcriptional activity in PCa cells are similar to those previously reported in osteoblasts.^([@R21],\ [@R22],\ [@R26])^ Specifically, transfection of PC3 cells with constitutively active MEK1 strongly stimulated Runx2 phosphorylation and activation of an *Spp1* promoter-luciferase reporter. Furthermore, this response required intact S301 and S319 Runx2 phosphorylation sites. Similarly, endogenous metastasis-related genes such as *Vegf*, *Mmp9* and *Spp1*, which all contain functional Runx2-specific enhancer sequences in their proximal promoter, were strongly induced by wild type Runx2 while a phosphorylation-resistant S301A/S319A Runx2 mutant was uniformly less active ([Fig. 3](#F3){ref-type="fig"}).^([@R8],\ [@R10],\ [@R31],\ [@R35])^

Intact S301 and S319 phosphorylation sites were also shown to be required for two previously demonstrated Runx2 actions in PCa, stimulation of *in vitro* cell migration and invasion ([Figs. 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}).^([@R6],\ [@R8],\ [@R9])^ More importantly, this same requirement was seen when growth of PCa cell xenografts was measured *in vivo* ([Fig 6](#F6){ref-type="fig"}). However, in this experiment wild type and phosphorylation-deficient Runx2 were transiently expressed using adenovirus vectors, which remain active for only 7 to 10 days.^([@R36])^ For this reason, effects of Runx2 on longer-term responses including metastasis to peripheral tissues could not be measured. The basis for the stimulatory effects of Runx2 on tumor mass appears to be mainly through suppression of apoptosis since Caspase 3 immunostaining was reduced in tumors expressing wild type Runx2 ([Suppl. Figs. S5 & S6](#SD2){ref-type="supplementary-material"}). This is consistent with a previous report showing that Runx2 can suppress apoptosis via direct up-regulation of Bcl-2.^([@R37])^ The in vivo finding of reduced tumor growth with expression of the less active, phosphorylation site mutant Runx2 is consistent with previous studies that demonstrated orthotopic injection of metastatic breast or prostate cell lines modified by nearly complete knockdown of Runx2, resulted in inhibited tumor growth and osteolytic bone disease).^([@R6],\ [@R8])^

In osteoblasts, differentiation is initiated by synthesis of a collagenous extracellular matrix that activates MAPK signaling via α1 integrins. This activation is accompanied by translocation of P-ERK from the cytoplasm to nucleus where it binds and phosphorylates Runx2 already associated with regulatory regions of target genes; MAPK activation does not affect Runx2 distribution, which remains exclusively nuclear in undifferentiated and differentiated cells.^([@R25],\ [@R27])^ Nuclear Runx2 localization was also seen in the more highly metastatic PCa cell lines, PC3 and C4-2B. However, in non-metastatic LNCaP cells, considerable cytoplasmic staining was also observed ([Fig. 2](#F2){ref-type="fig"}). Although Runx2 is generally considered to be a nuclear protein, cytosolic localization has previously been reported.^([@R7],\ [@R38],\ [@R39])^ For example, one study proposed that Runx2 can shuttle between nucleus and cytoplasm where it binds to microtubules.^([@R38])^ Also cytoplasmic Runx2 staining was previously reported in BPH samples.^([@R39])^ Thus, the concept that Runx2 can exist in the cytoplasm under certain conditions remains an intriguing subject for further study.

Cellular distribution studies using anti-Runx2 antibody are to be contrasted with results obtained with antibody against S319-P-Runx2, which in all cases showed an exclusively nuclear localization. While most nuclei in the 3 PCa cell lines were positively stained with anti-Runx2 antibody, the percentage of nuclei staining positive with anti-S319-P-Runx2 antibody progressively increased when LNCaP, C4-2B and PC3 cells were compared and this correlated with the level of MAPK activation and metastatic potential ([Fig. 1](#F1){ref-type="fig"}).

Phosphorylation of Runx2 by the RAS/MAPK pathway was previously analyzed using a combination of *in vivo* and *in vitro* kinase assays, mass spectroscopy and mutational analysis.^([@R21])^ In addition to the serine 301 and 319 sites discussed here, phosphorylation sites were identified at serine 43, 282 and 510. The role of these additional sites in osteoblast differentiation was considered to be minor because S301A/S319A mutations eliminated most MAPK-dependent transcriptional activity.^([@R21])^ However, S43, S282 and S510 may have greater roles in other cell types including PCa cells. Notably, in the present study, S301A, S319A mutant Runx2, while always being considerably less active than wild type protein, still had appreciable ability to induce gene expression and stimulate migration/invasion. In this regard, studies on Runx1, a runt domain transcription factor required for hematopoiesis and associated with acute myelogenous leukemia, may be relevant. Runx1 is also phosphorylated by the RAS/MAPK pathway on serine residues homologous to S301, 319, and 510 in Runx2 as well as additional sites homologous to T326 and S329. While mutation of the first two sites reduced the transforming activity of Runx1, it did not block hematopoietic activity, which required mutation of three additional sites. ^([@R40],\ [@R41])^

Runt domain transcription factors are also substrates for other kinases including Src, Pim-1, Cdc2, GSK3β, PKA and AKT.^([@R42]--[@R47])^ Of these, the AKT pathway is of particular interest due to its role in PCa.^([@R19])^ Inactivation of PTEN, a negative regulator of AKT, is frequently observed in metastatic PCa.^([@R48])^ In fact, prostate-selective knockout of PTEN is a widely-used mouse model for PCa.^([@R49])^ Activation of the RAS/MAPK pathway in PTEN-null mice dramatically accelerates PCa progression suggesting possible cooperativity between RAS/MAPK and PI3K/AKT pathways.^([@R17],\ [@R50])^ Interestingly, Runx2 is elevated in the prostates of PTEN-null mice.^([@R51])^ Consistent with these findings, AKT phosphorylation of Runx2 stimulates transcriptional activity and *in vitro* invasion by breast carcinoma cells.^([@R47])^ The putative AKT phosphorylation sites (S203, T205, T207) are all in the runt domain of Runx2 and distinct from MAPK sites located mainly in the C-terminal region. Like results obtained with MAPK sites, AKT site mutation reduced, but did not abolish, all Runx2 activity. It is, therefore, possible that both RAS/MAPK and PI3K/AKT pathways phosphorylate Runx2 in cancer cells and that both types of phosphorylation contribute to overall Runx2 activity.

An anti-Runx2-S319-P antibody previously developed in the project laboratory was found to be an excellent reagent for discriminating between PCa and benign prostatic disease.^([@R26])^ This antibody strongly stains nuclei of primary prostate tumors at both early (PIN) and later stages of disease progression, but minimally stains BPH or prostatitis samples. Furthermore, the amount of staining in primary tumors correlated with Gleason score and presence of lymph node metastases. Previous studies using commercially available anti-Runx2 antibodies gave variable results with noncancerous and early-stage PCa tissues. Some studies reported diffuse cytoplasmic and intense nuclear staining for total Runx2 in normal and cancerous prostate tissue while others reported staining only in more advanced high Gleason score cancers and not in early PIN.^([@R6],\ [@R7])^ In contrast, anti-Runx2-S319-P antibody strongly stained basal and luminal cell nuclei in PIN ([Fig 7](#F7){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). This may indicate both that this antibody is more sensitive and that early Runx2 phosphorylation is a hallmark of PCa that becomes more intense with disease progression. As noted above, anti-Runx2-S319-P antibody staining is exclusively nuclear and associated with transcriptional activation.^([@R25],\ [@R27])^ Thus, detection of P-S319-Runx2 in patient samples may indicate that Runx2 is in an active form capable of stimulating the genetic program necessary for invasion and metastasis. Detection of P-S319-Runx2 in primary tumors may also have predictive value in discriminating between tumors that will remain localized and those that will progress to metastasis.

Materials and Methods {#S9}
=====================

Antibodies {#S10}
----------

Antibodies used in this study were obtained from the following sources: Phospho-ERK and total-ERK antibodies from Cell Signaling, total Runx2 antibodies from MBL (cat. no. D130-3, mouse monoclonal antibody) or Abcam (cat. no. ab76956, mouse monoclonal antibody), anti-human Ki67 monoclonal antibody from Dako (cat. no. F7268) and Caspase-3 polyclonal antibody from Cell Signaling (cat. no. 9661). A rabbit polyclonal antibody specifically detecting Runx2-S319-P was previously described.^([@R26])^

Cell culture and measurement of metastasis-associated mRNAs {#S11}
-----------------------------------------------------------

LNCaP, C4-2B, PC3 and RWPE1 cells were obtained from the ATCC. LNCaP, PC3 and C42B cells were maintained in RPMI 1640, and 10% FBS while RWPE1 cells were cultured in Keratinocyte SFM (Gibco Life Technologies). RNA was isolated from cells and tumors using TriZol reagent (Invitrogen) and mRNAs were measured by quantitative real-time RT/PCR as described previously.^([@R25])^

Western blot analysis and immunofluorescence {#S12}
--------------------------------------------

Western blot analysis of cell and tissue extracts was conducted as previously described.^([@R26])^ All primary antibodies were used at a 1:500 dilution. Sheep anti-mouse IgG or donkey anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase was used at a 1:10000 dilution and HRP activity was detected by ECL (Amersham). Films were scanned for densitometric analysis using ImageJ 1.46 image analysis software. For immunofluorescence, cells were grown on glass cover slips, fixed and permeabilized with 0.25% Triton X-100 as previously described.^([@R25])^ Total Runx2 (Abcam antibody) and S319-P-Runx2 antibodies were used at a 1:500 dilution. Fluorescence was detected using an Olympus FluoView 500 Laser Scanning Confocal Microscope.

Transient transfections, luciferase reporter assays and virus transduction {#S13}
--------------------------------------------------------------------------

Transient transfection of PC3 cells was accomplished using lipofectamine reagent (Invitrogen), 0.5 μg pOPN-Luc reporter plasmid containing a -1454/+5 bp region of the proximal murine *Spp1* promoter, 0.05 μg of pRL-SV40 plasmid encoding *renilla reformis* luciferase with or without 0.5 μg Runx2 and/or MEK1 expression plasmids.^([@R32],\ [@R52],\ [@R53])^ Cells were harvested 48 hours after transfection and assayed using a dual luciferase kit (Promega). Adenovirus expressing β-galactosidase (AdLacZ), wild type Runx2 (AdRunx2-WT) or phosphorylation-deficient S301A, S319A mutant Runx2 (AdRunx2-SA) were previously described.^([@R21])^ Viral titers were adjusted to give equivalent expression of Runx2 protein.

Cell migration assay {#S14}
--------------------

For PC3 cells, migration was measured using a Radius~TM~ 24 Well Cell Migration Assay Kit according to the manufacturer's instructions (Cell Biolabs). Cells were transduced with adenovirus vectors and, after 48 h, were trypsinized and plated in migration wells at a density of 50,000 cells/cm^2^. After 24 h, the Radius~TM~ biocompatible gel layer was removed and cells were allowed to migrate to the cell-free area. For RWPE1 cells, migration was measured by plating cells in 12 well tissue culture plates and, after 24 h, removing a consistent area of cells by scraping with a Pasteur pipette. In both cases, pre-migration and post-migration images were captured with an inverted microscope at various time points and migration of cells into the initially cell-free area was analyzed using ImageJ 1.46 image analysis software.

Cell invasion assay {#S15}
-------------------

Cell invasion was measured using a Cytoselect~TM~ 24 Well Cell Invasion Assay Kit according to the manufacturer's instructions (Cell Biolabs Inc.). Cells were trypsinized, suspended in serum-free medium and plated at 3 × 10^5^ cells/well in the upper well containing Matrigel~TM~ and allowed to invade toward the lower chamber, which contained 10% FBS and 100 ηg/mL SDF-1. After 24 h, invasion of cells to the bottom side of the insert membrane was measured by staining with Coomasie Blue and counting cells in 5 separate fields per insert.

Subcutaneous tumor growth and immunohistochemistry {#S16}
--------------------------------------------------

All procedures were approved by the University Committee on the Use and Care of Animals. PC3 cells stably expressing firefly luciferase^([@R54])^ were transduced with AdLacZ, AdRunx2-WT or AdRunx-SA vectors. After 24 h, cells were trypsinized and 1 × 10^6^ cells were mixed with Matrigel~TM~ and subcutaneously injected into 16 week-old immunodeficient mice (Foxn1nu/Foxn1nu; 2 injection sites/mouse). Tumor growth was monitored over a 16-day period using bioluminescence imaging. For analysis, 50 uL of 40 mg/mL D-luciferin substrate in sterile PBS was injected into each mouse and the luminescence signal was captured on an IVIS Spectrum instrument (Perkin-Elmer, Waltham, MA, USA) in the University of Michigan Small Animal Imaging Core. Image analysis was performed using Living Image software version 4.0 (Perkin-Elmer). Mice were then sacrificed and tumors were dissected free of connective tissue beofe analysis.

For immunohistochemistry, tumors were fixed in 4 percent paraformaldehyde before paraffin embedding, sectioning and immunohistochemical staining. Sections were stained with anti-human Ki67 or Caspase 3 primary antibody followed by HRP-anti-mouse or rabbit IgG. Samples were counterstained with H&E.

Tissue microarray construction and analysis {#S17}
-------------------------------------------

Tissue samples from a total of 129 caucasian patients with prostate disease were used to construct TMAs. Among these were 106 tumor cases represented by 93 primary prostate cancers (PPC) treated by total prostatectomy with curative intent and 13 lymph node metastases (LNM) from biopsies of patients with inoperable primary prostate adenocarcinomas, 15 cases of benign prostate hyperplasia (BPH) and 8 cases of prostatitis (P) (4 p. granulomatosa and 4 p. xantogranulomatosa). Paraffin blocks were retrieved from the archives of University of Foggia, Italy. All tissues were obtained with patient informed consent. Tissue procurement and analysis was approved by the University of Foggia Ethical Committee. For TMA construction, areas rich in non-necrotic tumor cells were identified on corresponding haematoxylin and eosin-stained sections and marked on the source paraffin block. Cores (3 mm) were obtained from the source block and transferred to the recipient master block. H&E staining of a 4-μm TMA section was used to verify all samples. Immunohistochemical analysis was performed using Ventana Benchmark® XT autostainer and/or manual standard linked streptavidin-biotin horseradish peroxidase technique (LSAB-HRP). Primary anti-Runx2-S319-P antibody was diluted 1:200 with PBS and incubated with TMA sections for 30 min. Negative control slides without primary antibody were included for each staining. Two pathologists (PB, GP) independently evaluated immunostaining results. The study was double-blinded and investigators did not have real-time access to the clinical data. For quantitative analysis, a score based on the percentage of P-Runx2-stained cells was calculated by evaluating 10 high-power representative fields (400x) on complete tumour sections. P-Runx2 staining in PPC samples was compared with benign prostatic hyperplasia (BPH) and prostatitis as well as lymph node metastases. Within the PPC group, P-Runx2 staining was related to Gleason score (Low Gleason 3+3, 3+4, 4+3; High Gleason 3+5, 4+4, 4+5, 5+3, 5+4), perineural permeation, presence or absence of lymph node metastases at initial clinical staging, presence or absence of Prostatic Intraepithelial Neoplasia (PIN); positive or negative surgical margins; and intraprostatic or extraprostatic extension.

Statistical analysis {#S18}
--------------------

For cell culture experiments, statistical analyses were performed using SPSS 16.0 Software. Unless indicated otherwise, each reported value is the mean ± S.D. of triplicate independent samples. Statistical significance was assessed using a one-way analysis of variance. For TMAs, analysis was conducted using Stanton Glantz statistical software 3 (MS-DOS) and GraphPad Prism software version 4.00 for Windows (Graph Pad software San Diego California, USA; [www.graphpad.com](www.graphpad.com)). P-values \<0.05 were considered significant. The one-way analysis of variance (ANOVA) and the Student-Newman-Keuls tests were used to study the differences between groups.
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![Comparison of total Runx2, phospho-S319-Runx2 and MAPK activity in human PCa cell lines with high (PC3, C4-2B) and low (LNCaP) metastatic potential\
**(A, B) Runx2 mRNA and protein levels.** Runx2 mRNA was measured by real-time RT/PCR. Total Runx2 protein was measured by Western blotting (10 μg protein/lane) using an anti-Runx2 antibody (MBL monoclonal antibody). Loading efficiency was assessed by reprobing each blot with a Gapdh antibody. **(C) Comparison of P-S319-Runx2/total Runx2 ratio.** Based on the results shown in panel B, sample loading from each cell line was adjusted to give an equivalent amount of total Runx2 protein (Note increased GAPDH in C4-2B and LNCaP lanes). Blots were then probed with a P-S319-Runx2-specific antibody or anti-Runx2 antibody and the ratio of P-S319-Runx2/total Runx2 was determined by densitometry (lower panel). **(D) MAPK activity.** Cell extracts (10 μg protein/lane) were probed with P-ERK and total ERK antibody and the P-ERK/total ERK ratio was determined by densitometry (lower panel).](nihms669419f1){#F1}

![Cellular distribution of total Runx2 and phospho-S319-Runx2 immunofluorescence in PCa cell lines\
LNCaP, C4-2B and PC3 cells were plated on glass cover slips, fixed, permeablized and stained for DNA (DAPI), total Runx2 (Abcam primary Mab, secondary antibody Alexa Fluor 488 green) and P-S319-Runx2 (rabbit anti-P-S319-Runx2 primary polyclonal antibody, secondary antibody Alexa Fluor 555 red) as indicated in Methods. High magnification (100x oil objective) Z stack confocal images are shown. Merge 1 contains total Runx2 and P-S319-Runx2 images. Merge 2 combines total and P-S319-Runx2 with the DAPI image to facilitate visualization of the cytoplasmic Runx2 staining in LNCaP cells. Scale bar = 5 μm. Lower power images and IgG controls are shown in [Supplementary Figures S1 and S2](#SD2){ref-type="supplementary-material"}.](nihms669419f2){#F2}

![Requirement for Runx2-S301, S319 phosphorylation for induction of metastasis-associated genes\
**(A, B) Spp-1 promoter activity.** PC3 cells were transfected with pOPN-Luc reporter, pRL-SV40 *renilla* luciferase normalization plasmid, lacZ (control), wildtype Runx2 (Runx2WT) or Runx2-S301A, S319A mutant (Runx2 SA) and either constitutively-active (Meksp) or dominant-negative (Mekdn) MEK1 expression vectors as indicted. Firefly luciferase activity was normalized to *renilla* luciferase. Levels of P-S319-Runx2 and total Runx2 protein are shown in panel B. Samples in lanes 7--9 were run on a separate gel from those in lanes 1--6, but were blotted and exposed under identical conditions. **(C--J) mRNA induction.** PC3 **(C--F)** or RWPE1 cells **(G--J**) were transduced with LacZ, Runx2-WT or Runx2-SA adenovirus expression vectors and total protein and RNA was isolated after 48 h. Viral titers were adjusted to give equivalent levels of Runx2 protein as measured on Western blots; values below each lane indicate the Runx2/Gapdh protein ratio as determined by densitometry **(C, G)**. *VegfA* **(D, H)**, *Mmp9* **(E, I)** and *Spp-1* **(F, J)** mRNAs were measured by real-time RT/PCR. Statistics (D-F, H-J): ^a^Significantly different from LacZ control (p \< 0.01), ^b^Significantly different from Runx2-WT (p \< 0.01); N = 3/group.](nihms669419f3){#F3}

![Requirement for Runx2-S301, S319 phosphorylation in stimulation of prostate cell migration\
PC3 and RWPE1 cells were transduced with LacZ, Runx2-WT or Runx2-SA adenovirus vectors. After 48 h, cells were trypsinized and cell migration was measured as described in Methods. **(A, C) PC3 cell migration.** Cell images after 0 and 6 h **(A)**. Percent occupancy of the initially cell-free area was determined after the indicated times **(C). (B, D) RWPE1 cell migration.** Images of cells after 0 or 24 h **(B)**. Percent occupancy of the initially cell-free area was determined after the indicated times **(D)**. Statistics: C, ^a^Significantly different from LacZ control (p \< 0.001), ^b^Significantly different from Runx2-WT (p \< 0.001); D, ^a^Significantly different from LacZ control (p \< 0.05), ^b^Significantly different from Runx2-WT (p \< 0.01), N = 4/group.](nihms669419f4){#F4}

![Requirement for Runx2-S301, S319 phosphorylation in stimulation of prostate cell invasion\
PC3 **(A, C)** and RWPE1 cells **(B, D)** were transduced with LacZ, Runx2-WT or Runx2-SA adenovirus vectors, trypsinized and cells were assayed for invasive activity using Matrigel~TM~ containing transwells as described in Methods. **(A, B)** Representative fields of stained cells migrating to bottom side of transwell membrane are shown. Cells were counted in 5 fields/insert and averaged, 3 inserts/group **(C, D)**. Statistics: Panel C, ^a^Significantly different from LacZ control (p \< 0.0001), ^b^Significantly different from Runx2-WT (p \< 0.0001); Panel D, ^a^Significantly different from LacZ control (p \< 0.05), ^b^Significantly different from Runx2-WT (p \< 0.05), N = 4/group.](nihms669419f5){#F5}

![Requirement for Runx2-S301, S319 phosphorylation in stimulation of *in vivo* tumor growth\
PC3-luc cells were transduced with LacZ, Runx2-WT or Runx2-SA adenovirus vectors, trypsinized, suspended in Matrigel~TM~ and subcutaneously implanted into immunodeficient mice. Equal levels of wild type and mutant Runx2 protein expression were verified on Western blots **(B)**. Values below each lane indicate the Runx2/Gapdh protein ratio as determined by densitometry. PC3-luc cells were detected after 16 d by *in vivo* bioluminescence imaging **(A, C)**. Mice were sacrificed at d 17. Tumors were photographed **(D)**, weighed **(E)** and analyzed for *Vegf* **(F)**, *Mmp9* **(G)** or Spp-1 **(H)** mRNA normalized to 18S rRNA. Statistics: Panels C & E, ^a^Significantly different from LacZ control (p \< 0.05), ^b^Significantly different from Runx2-WT (p \< 0.01); Panels F-H, ^a^Significantly different from LacZ control (p \< 0.05), ^b^Significantly different from Runx2-WT (p \< 0.01), N = 6/group.](nihms669419f6){#F6}

![Immunohistochemical staining of prostate tissue and metastases using anti-P-S319-Runx2 antibody\
Representative samples from TMAs are shown. **(A)** normal prostate tissue, **(B)** benign prostate hyperplasia, **(C)** prostate intraepithelial neoplasia (PIN), **(D)** higher power view of boxed region in C showing strong nuclear staining of basal cells, **(E)** moderate staining in low Gleason score PCa, **(F)** very strong staining in high Gleason score PCa, **(G)** lymph node metastasis. **(H)** lower power view of lymph node metastasis showing strong staining in extra-capsular spread (ECS). Bars = 100 μm](nihms669419f7){#F7}

###### 

TMA Analysis of P-S319-Runx2 in Prostatic Diseases, Primary Cancers and Metastases.

  GROUPS                                         n°   MEAN P-S319-Runx-2+ (percent)   Standard Deviation   Standard Error   Comparisons              ANOVA (P)   Student-Newman-Keuls P\<0.05
  ---------------------------------------------- ---- ------------------------------- -------------------- ---------------- ------------------------ ----------- ------------------------------
  *Primary Prostate Cancer (PPC)*                93   57.48                           30.75                3.19             *PPC vs BPH*             \< 0.001    YES
  *Benign prostatic hyperplasia (BPH)*           15   1.87                            2.07                 0.53                                                  
  *Primary Prostate Cancer (PPC)*                93   57.48                           30.75                3.19             *PPC vs LNM*             0.464       NO
  *Lymph node metastases (LNM)*                  13   64.23                           33.16                9.20                                                  
  *Primary Prostate Cancer (PPC)*                93   57.48                           30.75                3.19             *PPC vs P*               \< 0.001    YES
  *Prostatitis (P)*                              8    4                               0                    0                                                     
  *Low Gleason (LG-PPC)*                         68   53.65                           29.20                3.54             *LG-PPC vs HG-PPC*       0.047       YES
  *High Gleason (HG-PPC)*                        25   67.92                           33.01                6.60                                                  
  *Perineural permeation (PNP-PPC)*              75   58.43                           30.39                3.51             *PNP-PPC vs NoPNP-PPC*   0.549       NO
  *No perineural permeation (NoPNP-PPC)*         18   53.56                           32.79                7.73                                                  
  *Vascular permeation (VP-PPC)*                 1    \-                              \-                   \-               *VP-PPC vs NVP-PPC*                  N/A
  *No vascular permeation (NVP-PPC)*             92   57.5                            30.8                 3.18                                                  
  *PPC with lymph node metastasis (N+PPC)*       13   74.23                           29.29                8.12             *N+PPC vs N0-PPC*        0.033       YES
  *PPC without lymph node metastasis (N0-PPC)*   80   54.76                           30.29                3.39                                                  
  *PIN-PPC*                                      16   71.75                           25.51                6.38             *PIN-PPC vs NoPIN-PPC*   0.041       YES
  *NoPIN-PPC*                                    77   54.52                           31.05                3.54                                                  
  *Involved surgical margins (ISM-PPC)*          56   58.36                           30.81                4.12             *ISM-PPC vs FSM-PPC*     0.738       NO
  *Free surgical margins (FSM-PPC)*              37   56.16                           31.03                5.10                                                  
  *Extra prostatic extension (EPE-PPC)*          13   64.62                           27.50                7.63             *EPS-PPC vs I-PPC*       0.370       NO
  *Intraprostatic (I-PPC)*                       80   56.33                           31.25                3.49                                                  

[^1]: Contributed equally
